Differentiation of pre-and postsynaptic sites is coordinated by reciprocal interaction across synaptic clefts. At parallel fiber (PF)-Purkinje cell (PC) synapses, dendritic spines are autonomously formed without PF influence. However, little is known about how presynaptic structural changes are induced and how they lead to differentiation of mature synapses. Here, we show that Cbln1 released from PFs induces dynamic structural changes in PFs by a mechanism that depends on postsynaptic glutamate receptor delta2 (GluD2) and presynaptic neurexin (Nrx). Time-lapse imaging in organotypic culture and ultrastructural analyses in vivo revealed that Nrx-Cbln1-GluD2 signaling induces PF protrusions that often formed circular structures and encapsulated PC spines. Such structural changes in PFs were associated with the accumulation of synaptic vesicles and GluD2, leading to formation of mature synapses. Thus, PF protrusions triggered by Nrx-Cbln1-GluD2 signaling may promote bidirectional maturation of PF-PC synapses by a positive feedback mechanism.
INTRODUCTION
Analysis of synapse formation in vitro has facilitated great advances in our understanding of synaptic differentiation in CNS. Various molecules that directly regulate the formation and differentiation of synapses (synaptic organizers) have been identified (Fox and Umemori, 2006) . Although differentiation of pre-and postsynaptic sites must be coordinated by reciprocal interaction across synaptic clefts, the mechanisms by which this process is regulated in vivo are not well understood and could differ in different synapse types. For example, axonal terminals may convert a preexisting shaft synapse into a spine synapse in neocortical and hippocampal pyramidal neurons (Miller/Peters model) (Harris, 1999; Miller and Peters, 1981; Yuste and Bonhoeffer, 2004) . Alternatively, immature dendritic protrusions (filopodia) may capture mobile axonal terminals and induce new synapse formation (filopodial model) (Knott et al., 2006; Okabe et al., 2001; Vaughn, 1989; Ziv and Smith, 1996) . Interestingly, a completely different mechanism has been proposed for synapse formation between cerebellar Purkinje cells (PCs) and parallel fibers (PFs), the axons of the granule cells (Sotelo, 1990; Yuste and Bonhoeffer, 2004) . In this Sotelo model, dendritic spines are formed autonomously without the influences of presynaptic terminals. Indeed, in the absence of granule cells in weaver or reeler mutant mice, PCs develop spines with almost normal morphology and postsynaptic densities (Sotelo, 1990) . Such spines without presynaptic terminals are called ''naked spines'' and have been observed transiently during normal development in the cerebellum (Larramendi, 1969) . Nevertheless, little is known about how presynaptic structural changes are induced and how they lead to differentiation of mature synapses.
Cbln1 is a C1q family protein, which is produced and secreted from cerebellar granule cells (Hirai et al., 2005) . Recently, Cbln1 has been shown to bind to its postsynaptic receptor, glutamate receptor delta 2 (GluD2), expressed in PCs, and its presynaptic receptor, neurexin (Nrx), and serve as a bidirectional synaptic organizer for PF-PC synapses (Matsuda et al., 2010; Matsuda and Yuzaki, 2011; Uemura et al., 2010) . The tripartite NrxCbln1-GluD2 synaptic organizer is unique because it is indispensable for the formation and maintenance of PF-PC synapses in vivo (Ito-Ishida et al., 2008; Kakegawa et al., 2009; Yuzaki, 2011) . Indeed, mice lacking Cbln1 or GluD2 (cbln1-null or glud2-null mice) exhibit significant reductions in normal synapses and numerous naked spines lacking their presynaptic partners (Guastavino et al., 1990; Hirai et al., 2005; Kurihara et al., 1997) . Naked spines are also present in other mutant mice, such as nodding (Sotelo, 1990) and tottering mice (Rhyu et al., 1999) , and wild-type mice when PFs are reduced by irradiation or certain drugs (Baloyannis and Kim, 1979; Hartkop and Jones, 1977) . Although the remaining PF terminals in these animals sprout and enlarge to increase the number of PF synaptic contacts over time, such compensatory responses do not occur in cbln1-null or glud2-null mice (Guastavino et al., 1990; Hirai et al., 2005; Kurihara et al., 1997) . These findings suggest that Nrx-Cbln1-GluD2 signaling plays a crucial role in PF differentiation. Nevertheless, whether and how Nrx-Cbln1-GluD2 interaction contributes to the structural modification of PFs has not been analyzed.
In the present study, we performed morphological analysis of PFs during PF-PC synapse formation in vitro and in vivo. Taking advantage of the strong synaptogenic effect of Cbln1 (Ito-Ishida et al., 2008) , we performed dual time-lapse imaging of PFs and PCs to observe the sequential events of synaptogenesis in organotypic culture. Activation of Cbln1-GluD2 signaling induced axonal protrusions from PFs prior to presynaptic bouton formation. Interestingly, PF protrusions frequently formed circular structures that encapsulated PC spines. Immunohistochemical and electron microscopic analyses confirmed that such PF protrusions, which often completely encapsulated spines, were observed in the immature mouse cerebellum in vivo. Further- (C) Morphological definition of boutons, SPs, and CPs. To categorize boutons and SPs, images were binarized and pixel distances were measured at three locations: W, the maximum width of the enlarged area; A1 and A2, width at both borders between the enlarged area and the adjacent axons; B, the basal width of the protrusions or boutons. Boutons were defined as those with W > A1+A2 and W % 1.5 3 B, and SPs were defined as those with W > A1+A2 and W > 1.5 3 B. To define CPs, maximum pixel intensities (MI-1 and MI-2) and the minimum intensity (LI) in the circular structures were measured. When LI was lower than 50% of both MI-1 and MI-2, we identified the circular structure as CP.
(D) Images of PFs in the cbln1-null cerebellum before (Pre) and after the addition of recombinant WT-Cbln1 (D and E). The images show the representative event with SPs.
(E) Example of the event with CPs.
(F) Postsynaptic sites of PCs were visualized with GFP-GluD2. Multiple SPs were associated with GFP-GluD2 clusters (at 6 hr, asterisk). These multiple SPs merged and formed a CP, which completely encapsulated GFP-GluD2 clusters (at 7 hr, asterisk). Scale bars, 20 mm (A) and 1 mm (B-F). See also Figure S1 and Movie S1.
more, we found that such PF protrusive changes were dependent on Cbln1, GluD2, and Nrx. Finally, live imaging revealed that formation of PF protrusions and their encapsulation of PC spines were followed by the accumulation of postsynaptic GluD2 and presynaptic vesicles. These results indicate that NrxCbln1-GluD2 signaling induces presynaptic morphological changes, which may further accumulate pre-and postsynaptic components to promote bidirectional maturation of PF-PC synapses by a positive feedback mechanism.
RESULTS

Cbln1 Induces Dynamic Structural Changes in PFs
To observe dynamic structural changes in PF-PC synapse formation during development, we performed dual time-lapse imaging of PFs and PCs in cerebellar slice cultures prepared from mice at postnatal day (P) 8. Granule cells were transfected with DsRed2-encoding complementary DNAs (cDNAs) by electroporation (Yang et al., 2004) , and PCs were transfected with green fluorescent protein (GFP)-encoding cDNAs using biolistics ( Figure 1A ). To facilitate analysis of PF structure, we took advantage of the strong synaptogenic effect of Cbln1, which induces functional PF-PC synapses in cbln1-null slices within 8 hr (Ito-Ishida et al., 2008) . Time-lapse images of slices at 6-8 days in vitro (DIV) were obtained at 1 hr intervals for 6-9 hr using a confocal microscope. Without recombinant Cbln1, PFs in the cbln1-null slices showed few morphological changes (Figure 1B) . Addition of recombinant WT-Cbln1 to the medium induced dynamic structural changes in the PFs ( Figures 1C-1E and S1; Movie S1 available online). Interestingly, active axonal protrusions emerged from PFs. The protrusions changed shape in every imaging frame and subsequently transformed into axonal boutons, which indicated emergence of new presynaptic terminals. We categorized these protrusions as simple protrusions (SPs) and circular protrusions (CPs) according to the morphological criteria ( Figure 1C ). Single SPs were defined as filopodia-like protrusions whose tips were located away from the main axons. CPs were defined as circular structures with dark central areas ( Figure 1C ). CPs appeared either as complete rings without gaps ( Figures 1F and S1 ) or as winding filopodia whose tips were located in the proximity to the main axon (Movie S1). Both SPs and CPs were located in the proximity of the GFPpositive PC dendrites ( Figures 1D and 1E ), suggesting that they may interact with PCs. SPs were often observed to undergo morphological changes that lead to the formation of CPs ( Figure 1F ).
To examine further the relationship between PF protrusions and postsynaptic sites, we expressed chimeric GluD2 fused to GFP at the N terminus (GFP-GluD2) in PCs in cbln1-null slices. Similar to endogenous GluD2, GFP-GluD2 accumulated as multiple clusters which suggested locations of PC postsynaptic sites ( Figure 1F ). We found that the axonal changes occurred at sites where PFs were in the proximity to GluD2-positive clusters (Figures 1F and S1A-S1C). Multiple SPs, which were observed 6 hr after the addition of WT-Cbln1, merged to form a CP whose central dark area matched the position of GFP-GluD2 clusters ( Figure 1F ). Among 13 CPs which were formed adjacent to the PC dendrites expressing GFP-GluD2, 9 CPs contained GFPGluD2 signals in the central region ( Figure S1C ). These findings indicate that the PF protrusions are formed in association with the postsynaptic sites.
PF Protrusions Are Associated with Synaptic Bouton Formation
To examine the relationship between PF protrusions and synaptic boutons, we next examined the history of newly formed PF boutons. We analyzed the synaptogenic events that occurred synchronously after the addition of recombinant WT-Cbln1 to cbln1-null slices. We first identified the synaptogenic events by identifying boutons that were newly formed within 5 hr after the addition of WT-Cbln1 and lasted for 4 hr or longer. Addition of recombinant WT-Cbln1 substantially increased the number of synaptogenic events (14 new and stabilized boutons in 41 PF-PC crossings; Table 1 ). In contrast, no such events were detected in control slices ( Figure 1B ; Table 1 ) or when the mutant CS-Cbln1, which does not bind to GluD2 (Matsuda et al., 2010) , was used. Retrospective analysis of the synaptogenic events revealed that they were associated with prior protrusive changes characterized as SP (57%), CP (43%), or both (36%) ( Table 1) . Considering the low sampling frequency of our time-lapse imaging (1 hr intervals), active PF protrusions are most probably associated with the majority of the synaptogenic events.
We also examined the frequency of PF protrusions among the events that led to the formation of transient boutons that lasted less than 4 hr ( Table 1) . Such transient boutons were observed in all samples, including those treated with WT-Cbln1 or CSCbln1 and those that were untreated. SPs were observed preferentially after the addition of WT-Cbln1, and led to transient PF bouton formation (Table 1 ). In contrast, CPs were not observed during transient bouton formation. Taken together, our observations suggest that Cbln1 induces the formation of SPs and CPs at the sites where the contact is formed between PFs and PC spines. Because CPs were specifically associated with stable bouton formation, CPs may play an important role in promoting maturation of developing presynaptic terminals.
Synaptic Vesicle Accumulation Precedes Structural Changes in PFs
Synaptic vesicle (SV) accumulation is an essential step during the formation of presynaptic terminals. To clarify whether PF protrusions are formed before or after SV accumulation, we visualized PF morphology and SVs simultaneously by cotransfecting cDNAs encoding GFP and synaptophysin fused with TagRFP-T (SypRFP) (Shaner et al., 2008) . Synapse formation was visualized at 1 hr intervals for 6-9 hr after the addition of recombinant WTCbln1 to cbln1-null slices. Consistent with our previous findings, the density of SypRFP clusters in PFs was lower in cbln1-null slices (52.7 ± 0.3/mm, n = 4 slices) when compared to wildtype slices (90.7 ± 3.4/mm, n = 4 slices, p < 0.05). By comparing the images obtained before and after the addition of WT-Cbln1, we extracted all the synaptogenic events that resulted in new SypRFP clusters, which were formed within 5 hr after the addition of WT-Cbln1 and lasted for 4 hr or longer. To confirm that the new SypRFP clusters were associated with the PC dendrites, we performed retrospective immunostaining for calbindin to visualize PCs (Figures 2A and 2B ). In contrast to the structural changes in PFs ( Figures 1D and 1E ), accumulation of SypRFP clusters was detected much earlier ( Figures 2B and 2C ). Average time from the addition of WT-Cbln1 to the initial observation of SPs and CPs were 4.6 ± 0.4 hr (n = 8) and 5.8 ± 0.7 hr (n = 6), respectively (calculated from the data in Table 1 ). In contrast, SypRFP clusters were initially observed 1.5 ± 0.2 hr after the addition of WT-Cbln1 (n = 13; Figures (D) Time-lapse images of a CP that was initially detected 6 hr after the addition of Cbln1 to a cbln1-null slice. Individual frames obtained every 2-3 min are shown. The CP underwent dynamic structural changes and became a typical fusiform bouton, which was in association with GluD2 (asterisk). Scale bar, 2 mm. See also Movies S2, S3, and S4.
of SVs and PF morphology revealed that the majority of PF protrusions were observed after the accumulation of SypRFP clusters (Figures 2B and 2C) . Among the 13 events that resulted in the formation of stable SypRFP clusters, 10 events (77%) were associated with PF protrusions ( Figure 2C ). Of these 10 events, PF protrusions appeared at the same time (2 events; 20%) or after (8 events; 80%) the SypRFP clusters were observed. Average time from the accumulation of new SypRFP clusters to PF protrusion formation was 1.6 ± 0.5 hr (n = 10; Figure 2C ). These findings indicate that SV accumulation preceded PF protrusions.
To further clarify the dynamic nature of PF protrusions after SV accumulation, we initiated time-lapse imaging 6-9 hr after the addition of WT-Cbln1 at shorter intervals of 2-3 min. When stimulated by WT-Cbln1, SPs and CPs already emerged at this stage. Dual imaging of PFs and PCs revealed that multiple SPs often elongated and merged to completely encapsulate the GFP-GluD2 clusters (Movies S2 and S3). Simultaneous imaging of PF morphology and SypRFP clusters revealed that a CP containing an SV cluster dynamically changed shapes and subsequently turned into a typical presynaptic bouton ( Figure 2D and Movie S4), which was associated with the GluD2 clusters (Figure 2D ). These findings again indicate that PF terminals are generated in a sequential manner, starting from SV accumulation, through the intermediate step of protrusion formation, and finally stabilization of presynaptic boutons.
Cbln1-GluD2 Signaling Is Necessary and Sufficient to Induce Structural Changes in PFs
We previously reported that Cbln1 binds to its postsynaptic receptor GluD2 and serves as a bidirectional synaptic organizer (Matsuda et al., 2010) . To examine whether Cbln1-induced PF protrusions depend on GluD2, we used cerebellar slices from mice lacking both Cbln1 and GluD2 (cbln1/glud2-null mice). Consistent with the previous findings, addition of recombinant WT-Cbln1 to cbln1/glud2-null slices did not induce the formation of new SypRFP clusters in PFs ( Figure 3A ). To quantify the frequency of PF protrusions, we calculated the protrusion rate, which is the number of imaged frames with PF protrusions (CPs and/or SPs) over the total number of frames. Addition of recombinant WT-Cbln1 increased the protrusion rate in cbln1-null slices than in untreated control slices ( Figures 3B and 3C ), while no change was induced in cbln1/glud2-null slices ( Figures  3B and 3C ). These results indicate that PF protrusion formation depends on Cbln1-GluD2 interaction.
To examine whether Cbln1-GluD2 interaction is sufficient to induce PF protrusions, we next performed live imaging of artificial synapses formed between cerebellar granule cells and human embryonic kidney 293 (HEK) cells expressing GluD2 (Kakegawa et al., 2009; Kuroyanagi et al., 2009) . The morphology and SVs of axons were visualized by expressing DsRed2 and synaptophysin-GFP (SypGFP) in the dissociated cultured granule cells. Several hours after the GluD2-expressing HEK cells made contact with the axons, we observed multiple protrusions emerging near the SypGFP clusters ( Figure 3D and Movie S5). This finding suggested that GluD2 expressed in HEK cells is sufficient to cause axonal structural changes.
To further examine whether protrusions were induced by specific interaction between GluD2 and Cbln1, we used mutant GluD2 whose extracellular domain was replaced with that of GluK2 (GluK2ext-GluD2). GluK2ext-GluD2 lacks capacity to bind Cbln1 (Matsuda et al., 2010) . Compared with HEK cells expressing wild-type GluD2, cells expressing GluK2ext-GluD2 induced lower number of axonal protrusions in wild-type granule cells ( Figures 3E and 3F) . Furthermore, when GluD2-HEK cells were plated on cbln1-null granule cells, the number of new protrusions was reduced, which was rescued by adding recombinant WT-Cbln1 ( Figures 3E and 3F ). The effect of recombinant WT-Cbln1 was not observed with GluK2ext-GluD2 ( Figures  3E and 3G ). These results indicate that Cbln1, which is either expressed endogenously or added exogenously as a recombinant protein, needs to make a direct contact with postsynaptic GluD2 to induce PF protrusions.
Preferential Localization of Cbln1 on the Axonal Surface
Majority of PF protrusions were induced after SV accumulation in the slices (Figures 2B and 2C) . Similarly, axonal protrusions in cultured granule cells were induced only when the HEK cells landed on the sites where the SypGFP clusters were detected (Figures 4A and 4B) . We hypothesized that Cbln1 might be preferentially localized on the cell surface close to the SV clusters. To test this, we performed immunostaining of wild-type granule cells and found that Cbln1 was localized on axonal surface in a punctate pattern ( Figure 4C ). The signal was specific because it was not detected in cbln1-null cells ( Figure 4C ). The reliability of the surface staining was confirmed by immunostaining of tau, a microtubule-associated protein, which was detected only after permeabilization of plasma membranes ( Figure 4D ). Similarly, HA-Cbln1 expressed in the granule cells was mainly detected on the cellular surface ( Figure 4E ). Next, after surface staining of endogenous Cbln1, we permeabilized cells and immunostained them for endogenous presynaptic proteins, such as synaptophysin, bassoon, and Nrx ( Figure 4F ). To exclude synapses formed between granule cells and other cells, only those puncta on isolated axons, which had been identified on differential interference contrast (DIC) images, were analyzed. Surface Cbln1 was highly associated with the synaptophysin and bassoon clusters, whereas the association was lower with Nrx ( Figures 4F, 4G , and S2D). The density of the Cbln1 clusters positively correlated with the density of synaptophysin and bassoon, while correlation was lower with that of Nrx ( Figures S2A-S2C ). These results indicate that endogenous Cbln1 was preferentially localized on the surface of axons where SVs formed clusters.
Although axonal Cbln1 showed less association with Nrx, previous studies have shown that Nrx is essential for Cbln1-mediated synaptogenesis Uemura et al., 2010) . To verify the role of Nrx in axonal changes, we applied a soluble form of Nrx fused to the Fc domain of human immunoglobulin G (Nrx1b-Fc) to the medium to block Cbln1-Nrx association Uemura et al., 2010) . Addition of Nrx1b-Fc (+S4) reduced the number of protrusions induced by GluD2-expressing HEK cells, whereas no effect was observed with Nrx1b-Fc (ÀS4), which does not inhibit Cbln1-Nrx interaction ( Figures 4H and 4I ). Taken together, these findings suggest that Cbln1-Nrx interaction is necessary for the PF structural change, which is directly induced by postsynaptic GluD2.
PF Protrusions in the Developing Cerebellum In Vivo
To address whether PF structural changes occur during normal development in vivo, we examined PF morphology in immature cerebellum. GFP-encoding plasmids were introduced into the external granular layer (EGL) at P7 by electroporation in vivo (Konishi et al., 2004) , and cerebella were fixed at various postnatal days. Most granule cells migrated into the internal granular layer by P10 when PFs were associated with few presynaptic structures ( Figure 5A ). Typical boutons started to appear by P14 ( Figures 5A and 5E ). At this time point, we confirmed the existence of PF protrusions, which were similar to SPs and CPs observed in the slice culture ( Figures 5A-C) . These protrusions were closely apposed to the PC dendrites and GluD2 clusters ( Figures 5A and 5C ). We categorized protrusions and boutons according to the morphological criteria ( Figure 1C ). The density of PF protrusions peaked at P18 when the density of PF boutons was in the middle of the growing phase ( Figures  5D and 5E ). PF protrusions decreased after P25 when the density of boutons plateaued. Thus, PF protrusions were found specifically before and during the peak of presynaptic bouton formation in vivo.
To confirm that PF protrusions were associated with PC spines, we observed PFs by electron microscopy. PFs were labeled by injecting the neuron tracer biotin dextran amine (BDA), which can be visualized both by light and electron microscopy. To characterize individual protrusions, we utilized mice at P7 when there were very few protrusions. Matching light and electron microscopic images was very difficult at later postnatal days because PF density had significantly increased. Despite with low incidence, some PF protrusions were found through careful observation by light microscopy ( Figure 5F1 ). Successive observation by electron microscopy revealed that PF protrusions directly contacted to PC spines and occasionally encapsulated them (asterisk in Figure 5F2 ). In contrast, boutons were frequently observed in the BDA-labeled PFs of adult mice, but PF protrusions were not observed ( Figure 5G1 ). Electron micrographs of the boutons revealed that they formed asymmetrical synapses with PC spines ( Figure 5G2 ).
To characterize the tendency of PFs to cover PC spines during development, we measured the spine coverage rate for each spine using electron microscopic images of immature (P10 and P14) and adult (2-3 months) cerebella ( Figure 5H ). The spine coverage rate was higher in immature mice at P10 (Figures 5I-5K ). Because the total perimeter of the spines was not different between adult and immature mice ( Figure 5L ), higher spine coverage rates were most probably caused by the structural differences in the PF terminals. Taken together, our results show that PFs extend axonal protrusions that cover the surface of PC spines in the immature cerebellum in vivo during the peak of PF-PC synapse formation.
PF Protrusions and Nrx-Cbln1-GluD2 Signaling In Vivo
To examine whether PF protrusions require Cbln1-GluD2 interaction in vivo, we introduced GFP into EGL by electroporation at P7 in cbln1-null, glud2-null, and wild-type cerebella and analyzed PFs at later postnatal days ( Figure 6A ). We found that PF protrusions were reduced in cbln1-null and glud2-null mice both at P18 and P25 ( Figure 6B ). Similarly, modest but statistically significant reduction in PF boutons was observed in cbln1-null mice at P18 and P25 and glud2-null mice at P25 (Figure 6C) . We have previously shown by electron microscopy that the density of PF-PC synapses is reduced by as much as 80% in adult cbln1-null mice (Hirai et al., 2005) . Thus, in the present analysis, we may have overestimated PF boutons by including boutons that belong to PF-interneuron synapses and bouton-like axonal swellings lacking postsynaptic contacts. Nevertheless, these results suggest that morphological changes in PFs require Cbln1 and GluD2 in vivo.
We have previously shown that single injection of recombinant WT-Cbln1 into adult cbln1-null mice in vivo induces significant increase in PF-PC synapses (Ito-Ishida et al., 2008) . Therefore, we next examined whether complementation of cbln1-null mice with recombinant WT-Cbln1 could also restore PF protrusions during development. Indeed, injection of WT-Cbln1 into cbln1-null mice at P14 increased the density of PF protrusions ( Figures 6D and 6E ) and PF boutons ( Figures 6D and 6F ) at P15. Such changes were not induced by injection of CS-Cbln1 (Figures 6D-6F ). These results indicate that PF protrusions depend on the Cbln1-GluD2 interaction in vivo.
Our results from the coculture assay suggested that interaction between Nrx and Cbln1 is required for protrusion formation ( Figures 4H and 4I) . To clarify the roles of Nrx in vivo, we examined the effect of altering Nrx levels on PF structure in the developing cerebellum. Overexpression of Flag tagged Nrx1b (+S4), a splice variant which binds to Cbln1, specifically increased the density of PF protrusions, while no change was observed in the density of boutons (Figures 7A-7C ). The result suggests that endogenous Nrx level is not saturated and protrusive changes can be triggered by increasing Nrx. The bouton density, which should be determined by the number of PF-PC contacts, may be already too high in endogenous condition to induce any additional changes. Localization of Nrx was analyzed by immunostaining using anti Flag antibody, which revealed accumulation of Nrx1b (+S4) in both CPs and SPs ( Figure 7B ). Nrx1b (ÀS4), a splice variant that does not bind Cbln1, did not increase protrusions ( Figures 7A and 7C) . Furthermore, when Nrx1b (+S4) was overexpressed in cbln1-null and glud2-null mice, PFs exhibited no structural changes ( Figure 7E ). Taken together, Nrxb (+S4) induces PF protrusions by a mechanism dependent on both Cbln1 and GluD2.
To clarify whether endogenous Nrx is required for PF structural changes, we knocked down Nrx in the cerebellar granule cells in vivo by introducing small interfering RNA (siRNAs) against six isoforms of Nrx (1-3, a and b), which have been previously shown to inhibit synaptogenesis in vitro (Uemura et al., 2010) . Effective incorporation of siRNAs into the granule cells by electroporation was confirmed by the immunocytochemistry of the cells expressing specific isoforms of Nrx and siRNAs (Figure S3) . siRNA-mediated knockdown of Nrx in the developing granule cells resulted in significant reduction in both PF protrusions and boutons at P18 (Figures 7F and 7G ). The effect of Nrx siRNA was specific to synaptic structures because migration pattern and axo-dendritic growth were not affected (Figure 7E) . Furthermore, the effect of Nrx siRNA was partially restored by coexpressing siRNA-resistant Nrx1b (+S4), which suggests that single isoform of Nrx is sufficient to induce PF structural changes ( Figures 7F and 7G ). Taken together, our results reveal that PF structural changes during PF-PC synapse formation are dependent on Nrx-Cbln1-GluD2 signaling complex in vivo.
PF-Protrusions Are Associated with Bidirectional Accumulation of Pre-and Postsynaptic Components
Our results obtained in slices and in vivo revealed that CPs are formed at the PF-PC contact sites and may encapsulate the spines ( Figures 1F, 5F and S1). Because Cbln1 directly induces clustering of GluD2 and Nrx in vitro (Matsuda et al., 2010) , the transient coverage of spines by CPs ( Figures 1D and 6A ) may serve to promote the accumulation of GluD2 and SVs during synaptogenesis. To test this and to clarify the physiological significance of PF protrusions, we examined accumulation of post-and presynaptic components during CP formation in young wild-type slices. First, we expressed DsRed2 and GFPGluD2 in granule cells and PCs, respectively, and monitored GFP-GluD2 signals after CP formation ( Figure 8A ). One hour after the CPs made contact with PC spines, the intensity of GFPGluD2 signals increased by 28% ± 10% (Figures 8A and 8C) . In contrast, when PFs formed SPs, such increase was not observed (Figures 8B and 8C) . Next, correlation between SV accumulation and CP formation was monitored by imaging wild-type PFs expressing GFP and SypRFP (Figures 8D-8F ). The intensity of SypRFP increased by 89% ± 36%, 1 hr after the PFs formed CPs ( Figures 8D and 8F ), while no change was observed with SP formation (Figures 8E and 8F ). To support this finding in vivo, we performed electron microscope (EM) analyses of PF-PC synapses in adult and immature cerebellum. Consistently, SV density was higher in adult synapses (Table  S1 ). These results support the hypothesis that CP formation promotes bidirectional assembly of synaptic proteins at both pre-and postsynaptic sites. Since neuronal activities are usually required for physiological synaptogenesis, we next asked whether PF protrusions were dependent on neuronal activity. The effect of blocking activity was analyzed by coculture assays and live imaging of PFs in slices in the presence of TTX. Addition of TTX reduced the number of axonal protrusions induced by GluD2-expressing HEK cells ( Figures S4A and S4B) , as well as PF protrusions which were induced by adding recombinant Cbln1 to the cbln1-null slices ( Figures S4C and S4D ). Blockade of a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptor by NBQX also inhibited Cbln1-induced PF protrusions in slices ( Figures S4C  and S4D ), suggesting that activation of excitatory synaptic transmission is essential for this process. To examine whether presynaptic vesicular release is necessary, and to confirm whether neuronal activity modulates axonal changes in vivo, we expressed tetanus toxin light chain (TNT) in the developing granule cells. TNT cleaves vesicle-associated membrane protein 2 (VAMP2) and inhibits vesicular release from axonal terminals (Yamamoto et al., 2003) . Expression of TNT resulted in decreased density of protrusions, which suggested that vesicular release from PF terminals is required for PF structural rearrangement in vivo ( Figures S4E-S4G ). These results indicate that the protrusions are formed when Cbln1-GluD2 signaling is activated at electrically active axonal terminals.
Finally, to test the postsynaptic effect of PF protrusions in the context of in vivo development, we examined the effect of overexpressed WT-Cbln1 in immature cbln1-null granule cells at P7 in vivo. To identify individual protrusions, we focused on the ascending branches of granule cell axons, which are straight and devoid of side branches in both wild-type and cbln1-null mice ( Figure S5A ). Interestingly, numerous protrusions emerged from the ascending granule cell axons when WT-Cbln1 was overexpressed in cbln1-null granule cells ( Figures 8G, 8H , and S5). GluD2 immunostaining further revealed that GluD2 clusters accumulated specifically where the axonal protrusions from the WT-Cbln1-overexpressing granule cells made contact with PCs ( Figure 8H ). The effect of expressing WT-Cbln1 was dependent on GluD2 because expressing WT-Cbln1 in cbln1/glud2-null mice had no effect (Figure S5B ), while the effect was rescued by viral mediated expression of GluD2 in the cerebellar cortex ( Figures S5C-S5E ). Taken together, these results indicate that PF protrusions cause local GluD2 accumulation in vitro and in vivo. Because PF protrusion itself depends on Nrx-Cbln1-GluD2 signaling, dynamic morphological changes of PFs, particularly those with circular structures, may serve as a positive feedback mechanism to facilitate bidirectional differentiation and maturation of pre-and postsynaptic structures.
DISCUSSION
How pre-and postsynaptic differentiation is coordinated to form mature synapses has been the focus of many synaptic studies. According to the Sotelo model, PC spines are formed autonomously without influence of PF terminals; however, how structural changes in PFs are eventually induced and subsequently stabilized to form mature synaptic boutons has remained unclear. Based on our findings, we propose a bidirectional interaction model in which PF-PC synapses are formed in four sequential steps ( Figure 8I ). First, PC spines are autonomously formed as proposed in the Sotelo model. When PFs make contact with PC spines, Cbln1-GluD2 interaction triggers recruitment of Nrx and SVs to the sites of PF-PC contact (Figures 2 and  7B) . Initiation of Cbln1-GluD2 signaling may preferentially occur at Cbln1-enriched spots within PFs where Cbln1 associates with pre-formed SV clusters through an unidentified mechanism ( Figures 4F and 4G) . Second, activation of GluD2-Cbln1-Nrx retrograde signaling induces local structural changes in PFs, which occur specifically at functionally active PF-PC contacts (Figures 1 and S4 ). This structural rearrangement results in PF protrusions. Protrusions form circular structures and occasionally encapsulate PC spines ( Figures 1F and 5) . Third, transient coverage of the spines by PF protrusions enhances Nrx-Cbln1-GluD2 anterograde signaling, which accumulates postsynaptic GluD2. The increase in GluD2 further promotes SV accumulation and bidirectional maturation of PF-PC synapses through a positive feedback mechanism (Figures 8A-8F) . Finally, protrusive membranes from PFs retract to form the mature presynaptic boutons.
(C) Surface immunostaining of endogenous Cbln1 in the dissociated cultured granule cells. The punctate signals were detected in wild-type but not in cbln1-null cells. Scale bars, 10 mm. (D) Immunostaining of tau together with surface Cbln1. Tau was detected only after the plasma membrane was permeabilized with detergent. Scale bar, 5 mm. (E) Exogenous HA-Cbln1 introduced into the granule cells localized to the plasma membrane. Granule cells were first stained for surface HA-Cbln1 using mouse anti-HA antibody. After permeabilization, the cells were stained for internal HA-Cbln1 using rabbit anti-HA antibody. Scale bars, 10 mm for the soma and 5 mm for the axons. (F) Endogenous Cbln1 in wild-type granule cells, costained with synaptophysin (Syp), bassoon (Bas), or Nrx. Surface Cbln1 was highly associated with Syp and Bas clusters, while association was less with Nrx. Panels in the middle column show the binarized images for Cbln1 (red) and the presynaptic proteins (green) to illustrate the overlap region (yellow). Scale bar, 5 mm. Our live imaging results of the cultured slices revealed that PF protrusions are formed after initial SV accumulation at the established PF-PC contacts (Figure 2) , suggesting that early stages of presynaptic structures may form independent of PF protrusions. Since approximately one third of the new boutons were formed without protrusions (Table 1) , we cannot rule out the possibility of an alternative pathway, through which boutons are formed without prior protrusive changes. However, PF protrusions, particularly those with circular structures, were associated with further accumulation of pre-and postsynaptic components ( Figures 8A-8F ) and formation of stable boutons (Table 1) . Therefore, we propose that the major physiological function of the protrusions is to promote maturation of functional synapses at the later stages of synapse development ( Figure 8I ).
Bidirectional Interaction Model of Synaptogenesis
Axonal structural changes have been shown to significantly contribute to the synaptogenesis through promoting maturation of postsynaptic sites in hippocampal and cortical neurons (Ahmari et al., 2000; Sabo and McAllister, 2003) . Such presynaptic to postsynaptic anterograde interaction has been classically described by the Miller/Peters model (Harris, 1999; Miller and Peters, 1981; Yuste and Bonhoeffer, 2004) . According to this model, axon terminals play an instructive role in initiating synapse formation and converting preexisting shaft synapses to spine synapses. Indeed, when axonal filopodia touch the target dendrites, SVs assemble where the future presynaptic terminals will form, and SV activity may further promote maturation of postsynaptic structures by a positive feedback Representative images of the cerebellar sections fixed at P10, P18, and P33 are shown. In addition to the typical fusiform boutons (asterisks), PF protrusions (arrowheads) were observed, which were absent at P10, but became prominent by P18. Scale bars, 40 mm (left panels) and 2.5 mm (right panels).
(B) Representative images of a presynaptic bouton (B1) and PF protrusions (B2-6). Scale bar, 2 mm. (C) Both boutons and protrusions were associated with GluD2 clusters. Scale bar, 2 mm.
(D and E) Developmental changes in the density of PF protrusions (D) and boutons (E). n = 6 mice for P18 and n = 4 mice for other time points.
(F) Images of a PF protrusion labeled with BDA at P7. The protrusion was identified using the light microscope (LM; F1) and was successively observed using the electron microscope (EM; F2). PF protrusion completely encapsulated a PC spine (asterisk). Scale bars, 2 mm (F1) and 500 nm (F2).
(G) Images of a BDA-labeled PF bouton in an adult mouse. The images were acquired using LM (G1) and EM (G2). An asymmetrical synapse was formed between the bouton and a PC spine (asterisk). Scale bars, 2 mm (G1) and 250 nm (G2).
(H) Electron micrographs of PF-PC synapses in immature (P10) and adult mice. The spine coverage rate was analyzed by measuring the ratio of the length of the arc where the spines were attached to the PF terminals (a) against the total perimeter of the spines (b). The spine coverage rate was higher in the spines (asterisks) of immature mice than adult mice. Scale bars, 200 nm.
(I) Histogram of the spine coverage rate in P10, P14, and adult mice. n = 558 (P10), 435 (P14), and 574 (adult) spines from three mice.
(J) The percentage of spines with different degrees of spine coverage rates. n = 3 mice. *p < 0.05. (K) Average spine coverage rate at different ages (three mice for each age). **p < 0.01. (L) Total perimeter around the spines was similar in immature and adult mice. n = 3 mice. Data are presented as mean ± SEM.
mechanism (Friedman et al., 2000; Okabe et al., 2001; Washbourne et al., 2002) . Interestingly, axonal structural changes also mediate a positive feedback mechanism during PF-PC synapse formation although in a different manner ( Figure 8I ). We found that PF protrusions are induced 1-2 hr after SV accumulation at the site of axo-dendritic contact between PFs and PCs ( Figure 2 ). Therefore, rather than an instructive role in initiating synapse formation, PF protrusions most probably play a role in promoting maturation of synapses after the establishment of initial axo-dendritic contact. Structural changes in PFs depended on GluD2 expressed in PC spines ( Figure 3) . As described by the Sotelo model, PC spines are formed independent of axonal input. Thus, preexisting PC spines may play an essential role in initiating synapse formation. Retrograde interaction across the synaptic junction in promoting synaptic differentiation has been described by the filopodial model. According to this model, mobile dendritic filopodia dynamically contact local axons to promote synaptogenesis (Yuste and Bonhoeffer, 2004) . For example, an imaging study of the spines in the barrel cortex showed that spine growth precedes synaptogenesis (Knott et al., 2006) . Although it is currently unknown whether PC spines differentiate from filopodia, these spines were shown to be quite mobile (Deng and Dunaevsky, 2005) . Therefore, as proposed by the filopodial model, PC spines may dynamically interact with local PFs and promote retrograde interactions to induce structural changes in PFs. In the present study, we determined existence of PF protrusions in the wild-type cerebellum during the peak of synaptogenesis in vivo ( Figure 5 ). Indeed, an earlier two-photon imaging study in P10 rat slices detected protrusive changes in a small subset (3/35) of PFs (Deng and Dunaevsky, 2005) . The low protrusion rate in wild-type slices (Deng and Dunaevsky, 2005) and in the immature cerebellum in vivo ( Figure 5 ) could be explained by the asynchronous nature of PF-PC synapse formation. However, even if the density of these PF protrusions is low at a given time point, the summation throughout development will result in a significant number of PF protrusions, which may be sufficient to explain the number of established boutons. Thus, we believe that PF protrusions have significant impact on synaptogenesis in vivo.
Electron microscopic analysis showed that PF protrusions occasionally encapsulated PC spines during the early development in wild-type mice (Figure 6 ). Similarly, previous ultrastructural studies described the existence of PC spines encapsulated by PF terminals specifically in the immature rat cerebellum (Altman and Bayer, 1996) . We speculate that coverage of the spines by PF protrusions limits the diffusion of surface Cbln1, which induces clustering of postsynaptic GluD2 to further accumulate Cbln1 and Nrx in a positive feedback mechanism ( Figure 8I ) and promote bidirectional maturation at PF-PC synapses (Matsuda et al., 2010) . GluD2 is essential for longterm depression (Kashiwabuchi et al., 1995) , AMPA receptor Figure S3 . Data are presented as mean ± SEM.
trafficking (Hirai et al., 2003) , and D-serine-mediated plasticity in the immature cerebellum (Kakegawa et al., 2011) . At the postsynaptic site, GluD2 interacts with several scaffold proteins via the intracellular C terminus (Roche et al., 1999; Uemura et al., 2004) . Thus, it is possible that molecular compositions and electrophysiological properties of the encapsulated spines are altered. To clarify physiological functions of spine encapsulation, further studies at the single spine level are warranted (Matsuzaki et al., 2001 ).
Nrx-Cbln1-GluD2 Interactions and Structural Changes in PFs
Cbln1-Nrx-GluD2 tripartite protein complex is essential for PF-PC synaptogenesis (Matsuda et al., 2010; Matsuda and Yuzaki, 2011; Uemura et al., 2010) . Previous studies have shown that GluD2-expressing HEK cells accumulate presynaptic markers of cocultured granule cells (Kakegawa et al., 2009; Kuroyanagi et al., 2009) . In the present study, we found that the GluD2-expressing HEK cells directly induced structural changes in the axons that were dependent on Cbln1 and Nrx (Figures 3 and 4) . In addition, PF protrusions observed during synaptogenesis in vivo depended on Cbln1, GluD2, and Nrx ( Figures 6 and 7) . Therefore, Nrx-Cbln1-GluD2 signaling is necessary and sufficient to induce structural changes in PFs. Surface immunostaining revealed that endogenous Cbln1 was localized on the PFs near synaptophysin and bassoon clusters ( Figures 4F and 4G) . Because axonal protrusions induced by GluD2-expressing HEK cells preferentially occurred in regions where synaptophysin clusters existed ( Figures 4A and 4B) , these regions may provide local platforms where Cbln1-GluD2 interactions are preferentially induced. In contrast, Cbln1 on the axonal surface showed only partial colocalization with Nrx ( Figures 4F and 4G ). In addition, endogenous Cbln1 immunoreactivity was significantly reduced in glud2-null PFs (Matsuda et al., 2010) , which normally express Nrx. Recently, it has been shown that Nrx rapidly and freely diffuses along the axons until it encounters its postsynaptic receptors (Fu and Huang, 2010) . In addition, we found that Nrx accumulated at the tip of PF protrusions in vivo ( Figure 7B ). Thus, it is likely that Nrx forms stable clusters with Cbln1 only after the axons make contact with GluD2. Such machinery should be ideal to induce axonal structural changes specifically at the sites where initial PF-PC contacts are formed.
What is the signaling pathway that induces PF protrusions? The presynaptic receptor Nrx interacts with CASK, a membrane-associated guanylate kinase essential for organizing active zones (Biederer and Sudhof, 2001 ). Thus, we speculate that protein 4.1, which binds to CASK, promotes the formation of actin/spectrin microfilaments and induces PF protrusions. Nrx also serves as a presynaptic receptor for neuroligins and leucine-rich receptor family members, such as LRRTM1 and LRRTM2 (de Wit et al., 2009; Ko et al., 2009; Siddiqui et al., 2010) . Nevertheless, although triple neuroligin knockout mice exhibit lethal impairments in synaptic transmission, the density of synaptic contact is not altered (Varoqueaux et al., 2006) . Since Cbln1 and GluD2 work as a hexamer and a tetramer, respectively, we speculate that the Cbln1-GluD2 complex may induce larger Nrx clusters that may have specific effects on the presynaptic sites. Alternatively, presynaptic proteins other than Nrx may be specifically recruited by the Cbln1-GluD2 complex. We also found that neuronal activity and VAMP2-dependent exocytosis are essential for the axonal structural changes. Membrane fusion by VAMP2-mediated exocytosis has been shown to be essential for the morphological changes in axonal growth cones (Tojima et al., 2007) . Such machinery may work together with Nrx-dependent actin rearrangement to induce local PF protrusions. It is also suggested that Nrx expression and localization themselves are regulated by local transmitter release (Fu and Huang, 2010) . These possibilities should be tested in the future to clarify the mechanisms by which PFs undergo structural modifications.
In addition to Cbln1 and GluD2, other family proteins, such as Cbln2, Cbln4, and GluD1, are widely expressed in the various brain regions outside the cerebellum (Iijima et al., 2007; Miura et al., 2006) . Because Cbln1 also binds to GluD1, and Cbln2 binds GluD1 and GluD2, Cblns-GluDs signaling may function as a global regulator of synapse formation . Interestingly, encapsulation of the spines by the axonal terminals has been described in other brain regions during development (Saito et al., 1997) . Further studies are warranted to determine whether presynaptic structural changes are induced by Cbln-GluD signaling in various synaptic types, and if so, what mechanisms underlie Cbln-GluD signaling.
EXPERIMENTAL PROCEDURES
For details, refer to Supplemental Experimental Procedures. All procedures relating to the animal care and treatment conformed to the institutional guidelines.
Gene Delivery
Electroporation into EGL in vivo was performed as previously described (Konishi et al., 2004) . DNA solution was injected into supracerebellar space using glass micropippetes at P7. Forceps-type electrodes were attached to the mouse head and electric pulses (120V, 50 ms, 5 pulses) were applied. To label granule cells in slices, electroporation was performed ex vivo. PCs in the slices were labeled using biolistics. All procedures relating to the animal care and treatment conformed to the institutional guidelines.
Microscopy
Images of the slice cultures were obtained using an upright confocal microscope (Olympus), with a 603 water immersion lens. Most PF images were obtained at a spatial sampling frequency of 103 nm per pixel.
Data Analysis and Statistics
Data are presented as mean ± SEM. Statistical significance was determined by performing t test or Mann-Whitney U test for comparing two samples. One-way ANOVA followed by post hoc test was performed when multiple samples were compared.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, one table, five movies, and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi.org/10.1016/j.neuron.2012.07.027. intensity of GFP-GluD2 increased 1 hr after the appearance of CP (*p = 0.0034, between +1 hr and À1 hr). n = 9 and 11 events for CPs and SPs, respectively, from 10 slices. (D and E) Dual-color imaging of PF morphology and SV accumulation visualized by GFP and SypRFP in PFs. The SypRFP intensity in wild-type slices increased as PFs formed CPs (D), but not with SPs (E). Scale bar, 1 mm.
(F) Quantification of data in (D) and (E). The intensity of SypRFP was normalized to the level at the time point of initial appearance of either CPs or SPs (t = 0). Difference between CPs and SPs was confirmed by two-way repeated ANOVA (p = 0.0031). The normalized intensity of SypRFP increased 1 hr after the appearance of CP (*p = 0.02, between +1 hr and À1 hr). n = 9 and 13 events for CPs and SPs, respectively, from eight slices. (G) WT-Cbln1 induces numerous protrusions (arrowheads) in the ascending granule cell axons in cbln1-null mice in vivo. 1. Scale bar, 10 mm. (H) Accumulation of endogenous GluD2 by axonal protrusions in vivo. Cerebellar sections from cbln1-null mice that overexpress HA-tagged WT-Cbln1 were immunostained at P14. GluD2 and WT-Cbln1 accumulated at the site where the protrusions (arrowheads) made contact with PCs (asterisks). Scale bar, 10 mm. (I) Bidirectional interaction model for the PF-PC synaptogenesis. Refer to Discussion. See also Figures S4 and S5 and Table S1 . Data are presented as mean ± SEM.
